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Abst ract

Subsi dence is occurring at all six Strategic Petroleum Reserve (SPR) sites.
It results from a conbination of cavern closure, Frasch-process sulphur
extraction, fluid withdrawal, and from natural causes. O these, cavern closure
resulting from salt creep is the predom nant source. A subsi dence monitoring
program i s recommended that includes: (a) continuation of annual releveling;
(b) quadrennial determination of horizontal drift; (c) triennial measurement of
gravity values to deternine elevation change and to validate releveling data;
(d) 172400 air photos quadrennially; (e) coordination of other subsidence
monitoring efforts, especially involving regional subsidence; (f) continuation
of cavern creep modeling; (g) engineering evaluation of observed and predicted
subsi dence effects; (h) information dissemnation in the form of an annual
review and report. A priority sequence is suggested that considers observed
subsi dence and operational factors such as oil inventories and risk appraisal.
First (highest) priority is assigned to Weeks Island and Wst Hackberry. Second
(internmediate) priority is given to Bayou Choctaw and Bryan Mound. Third,
(lowest) priority is assigned to Sul phur Mnes and Big Hill. The priority
strategy can be used as a nanagenment tool in allocating resources and in
determining relative attention that is required at the six sites.
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1.0 | NTRODUCTI ON

The Strategic Petrol eum Reserve is a national program invol ving underground
storage of crude oil in large cavities in six separate salt dones in the Texas-
Loui siana Gul f Coast area: Bayou Choctaw, LA, Big Hll, TX, Bryan Mund, TX;
Sul phur M nes, LA, Weks Island, LA, West Hackberry, LA The program invol ves
several existing caverns with volunes up to 33 mllion barrels, one abandoned
75-mllion barrel salt mne, and several lo-mllion barrel cavities that either

are or have been |eached especially for the program

Gradual |andsurface subsidence and col |l apse of nmannade and natural cavities
in salt are an acknow edged fact of |ife wherever salt or other associated
mnerals, e.g., sulphur, are extracted (Coates et al. 1981). Thi s subsi dence
and col |l apse history provides the inpetus to perform cavern stability and
subsi dence studies to help assess the integrity of crude petrol eum storage in
the Strategic Petrol eum Reserve (SPR), including associated surface facilities
over and adjacent to the storage caverns. This interest is not restricted to
cataclysmic failures, such as occurred at Allied Chenical's Cavern 7 at Bayou
Choctaw in 1954 (SAND80-7140). Oher mpjor failures in shafts in salt nines
have also occurred; such failures are considered in every salt nining operation,
because uncontrollable flooding and |oss of the mne can result. Longer term

subsi dence resulting fromcreep closure of underground openings nay be the

greater concern, insofar as surface piping and oil wthdrawal systens are
af f ect ed. Further, perennial flooding resulting from subsidence may becone a
significant concern at sites near sea level; that is, at Bryan Mund, West

Hackberry, and Bayou Choctaw.

The SPR has included cavern creep closure analyses in its long-term
performance predictions (Preece and Fol ey 1984). These anal yses predicted
vol ume reduction and associated subsidence, but the estinates were based upon
nodel s that contained appreciable uncertainties. The attenpts nade by the
m ning conpanies to nonitor subsidence have usually been inconplete and

nonuni form resulting in an inconclusive data base. Further, both the sul phur



and salt mning conpani es have conpany policies against making their subsidence
measurenents available. As a result, the current ability to accurately predict
subsidence is limted; hence, field measurenments are necessary for virtually any
subsurface extractive or storage operation.

Subsi dence nonitoring began at the SPR storage sites in 1982, following in
general the plan outlined in the draft long term monitoring plan (SNL 1982).
The information obtained from six surveys at five SPR sites between 1982 and
1988 is presented in Goin and Neal (1988). These data have established the
magni t ude of subsi dence ongoing at each site and have shown that nore subsi dence
is occurring at sone sites than others.

The subsi dence nmonitoring plan described in this report updates the 1982 SNL
draft report. The total effort outlined herein will provide entirely credible
predictions of long-term performance and will establish a means for continuous
awar eness of the effects of subsidence on operations. A strategy is proposed in
Section 2.0 for assigning a priority of effort to each site because different
attention is required for each set of conditions.

2.0 RATIONALE FOR THE MON TORING EFFORTS

The subsidence history sumarized in Appendix B shows that each site has
i ndividual conditions and circunstances, and that rates of surface | owering and,
consequently, effects on engineered structures, are not equal. For this reason,
some sites must receive closer attention than others.

2.1 Engineering Implications

The subsi dence neasurenent and analysis efforts require evaluation and
synthesis, and determinations nust be nmade as to their effect on SPR operations
Possible effects include the following (all have been experienced in salt dome
operations):



a. Gound failure fromsubsurface fracturing and/or slunping, e.g., Houston;
h.  Anonal ous, excessive stress on cavern well strings or surface pipe systens;
c. Breakage of surface structures, e.g., brine pond linings, etc.;
d. Potential cavern collapse, e.g., Bayou Choctaw Cavern 4;
e. Induced fracturing in shafts or drifts sufficient to create water influx

(Weeks 1sland);
f.  Subsidence sufficient to produce perennial flooding, e.g., West Hackberry;
g. Surface drainage problens, e.g., Bayou Choctaw,
h. Irregularities or unevenness in subsidence patterns causing anomalous tilt

effects on structures.
2.2 Priori nking of Si with R iden ncern

The followi ng priority ranking of sites is suggested, based on subsidence
history, geologic conditions at each site, and perceived risk to storage
integrity. The ranking is presented only as a managenent tool to address the
relative inmportance of subsidence nonitoring activities. Its principal use is
for planning, budgeting, and the application of resources.
Priority* Site Rational e

1 Weeks | sl and Fail ure consequences high

1 West Hackberry G eat est subsidence rate; flood potenti al

2 Bayou Choctaw Cavern 4 col | apse potential; flood potenti al

2 Bryan Mound Fl ood potential

3 Sul phur M nes Site deconm ssioning

3 Big Hill Thi ck and deep caprock: | eachi ng ongoing

*#1 = High - Potential mmjor inpact on SPR storage objectives.
2 = Medium - Potential significant inpact.
3 = Low - Potential small inpact.

The rationale for this ordering follows, realizing that this understanding
can change in the future with changing conditions, or as nore data are
accunul at ed.



Weeks Island: Cbserved subsidence and lateral drift of shafts are significant

over m ned-out areas. The consequences of flooding from shaft failure and/or
uncontrol | ed | eakage are the nost severe of any site, given the large volume of
oil in two interconnected chanbers.

West  Hackberry: Subsi dence rates are the largest of any site; the reasons are

related to the |arge amount of cavern volume and rapid salt creep, and possibly
to hydrocarbon w thdrawal . The continuing enlargenent of Black Lake and
encroachnment on the site in recent years as a result of subsidence enphasizes
that continuing concern is required.

Bayou Choct aw. Potential for Cavern 4 collapse is present and would create

another BOO-ft-wide lake, simlar in dinmension to Cavern Lake over collapsed
Cavern 7. The effect on operations at this site would be substantial because of
this new | ake and would require considerable nodifications to existing oil
storage and drawdown syst ens.

Brvan Mound: Prior sul phur extraction and attendant subsidence combined with
| arge volunes of oil storage give internmediate ranking to this site. The
exi stence of the largest (35 20 MVBBL, respectively) caverns in the SPR warrant
addi tional attention.

Sulphur M nes: Conti nuing gradual subsidence associated with caprock collapse

into voids created by Frasch sul phur extraction is expected. Total surface
lowering in this century has exceeded 20 ft, the bulk of which occurred during
and inmmediately followi ng the mning (1902-1924). The relatively small vol une
(25 MvBBL) of stored oil conbined with plans for limted tenure of this site
give reduced concern for long-term stability. The long-term ownership of the
site may necessitate the need for continuing surveillance.

Bin HIll: The lack of sul phur or significant hydrocarbon extraction conbined
with very thick caprock suggest this site has an extrenely | ow subsidence
potential . This site offers a unique opportunity to nonitor subsidence
t hroughout cavern leaching, filling, and storage operations.
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3.0 RECOMVENDED SUBSI DENCE MONI TORI NG PROGRAM

3.1 Activities

The elements outlined below and discussed in the followi ng sections
constitute a programthat is sufficient to continuously evaluate the status of
subsi dence at each site, which in turn will enable the SPR to be alerted to
expected events and appraised of their significance to SPR This should allow
time to begin appropriate mtigative measures. In some instances, however, |ong
lead tinmes may be needed.

3.2 Discussion of Plan Elenents

A description of each activity listed in Table 1 is presented in the
followi ng subsections

3.2.1. Vertical Point Releveling

Rel evel i ng surveys have been conducted about once a year at all five storage
sites, and plans exist to do the same at Big HII. This has been the prinmary
data collection to neasure the vertical subsidence at all sites. The surveys
should continue, but minor nodifications to existing procedures are recomended
as foll ows.

Recommended Mbdifications to Existing Subsidence Monitoring Network

A review of the subsidence nonitoring network was conducted in |ate 1987 and
resulted in the followi ng recomendations (Linn 1987)

1. Control -mnument redundancy is needed.

2.  Wellhead survey points need inproved marking and description

3. Descriptions and marki ngs of other survey points are often obscure and
shoul d be nade clearer.

4, Redundancy of stations in administrative areas should be reduced.

5. Survey nonunents should be physically protected

6. Photos of survey points should be taken

]



Table 1. RECOVMENDED SUBSI DENCE MONI TORI NG ACTIVITIES AND REPETITI ON | NTERVALS

REPETI TI ON, YEARS

Di scussion
ACTIVITY BC BH BM SM W WH Remar ks (Section)
A. _Field Measurenents
1. Surveying
a. vertical point releveling 1 1 1 1 1 1 Continuation of 1982-88 effort 3.2.1
*b. horizontal trilateration 4 4 4 4 4 4 Initial enphasis on W Hackberry, 3.2.2
\Weeks, and Bayou Choctaw
*2. Gravity observations 3 3D 3D 3(D 3 " " " " 3.2.3
*3. Aerial photography, 4 4(D) 4(D 4(D) 4 4 Initial enphasis on flood-prone 3.2.4
1/2400 scal e sites: WH, BC, BM
B. Analysis and Evaluation
1. Surveillance and evaluation Efforts apply more or less to all
of @ulf Coast regional sites equally, wth variations noted
subsi dence in remrk. Continuing effort. 3.2.5
2. Creep closure nodeling " "o " Sequence of effort follows site
priority schene. 3.2.6
C. Technology Transfer
1. Engineering application " o "
Periodi ¢ awareness required 4.1
*2. Annual status update " " " "
Annual report needed 4,2

*Modification from existing program
(D): Decision to proceed required, pending results from other sites.
BC = Bayou Choctaw, BH = Big Hll: BM = Bryan Muund; SM = Sul phur M nes; W = \Weks Island; WH = West Hackberry.



Regar di ng Recommendation (1), multiple control (reference) nonunents are
essential to maintain a continuity of neasurenents over the SPR life cycle.
Several nonuments have been destroyed or noved, resulting in considerable
anbiguity in the data base. Miltiple control monuments will also help establish
the stability of the reference by way of cross checking. ldeally, each site
resurvey should be tied to first-order NGS lines, as better control of average
long-term drift is known for those control points

Regardi ng Recommendation (2), the precise survey point on the wellheads is
frequently difficult to ascertain, sonetines requiring a new surveyor to either
guess or sight-in the point. A standard nethod of marking the survey point

woul d elimnate uncertainty in |ocation.

Regardi ng Reconmendation (3), inproved nmarking and descriptions of survey
poi nts on concrete pads and other structures would be hel pful to survey crews
and would reduce any anbiguities regarding |ocation.

Regar di ng Recormmendation (4), sone stations at each site are superfluous and
are not providing essential data. They could be elimnated or replaced with
other stations, thereby aiding the survey's effectiveness. Additional stations
beyond the DCE boundaries would be particularly useful, so that overall trends
of individual dones would be available, together with an inproved understanding
of causes. One result would be to distinguish cavern effects from other doma

structures, e.g., spines and shear zones.

Regar di ng Reconmendati on (5), physical protection of nmonunents will assure
they are not disturbed by nowers or other equipnent. Nuner ous nonunents have
been destroyed in only a few years; thus, this step is required for long-term
continuity in the subsidence observations.

Regar di ng Recommendation (6), photos of survey points would be beneficial
for docunmenting the status of survey points, as well as aiding in their
description and |ocation. Photos of existing stations were taken in Cctober
1987, and a catalog was given to Boeing Petrol eum Services (BPS)
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DCE and BPS initiated action in early 1988 to effect needed changes and to
reconsi der procurenent procedures for annual resurveys (Schnedeman 1988).

3.2.2 Horizontal Trilateration

Initial cavern wellhead surveys included coordinates, but their accuracy is
believed to be third order. The resurveys thus far have not included horizonta
coordinates, but creep closure calculations predict that the surface points wll
drift laterally (Preece 1987). These data are needed to validate code
calculations (Segalman 1988); they are probably less significant than the
vertical subsidence data and therefore only need be repeated about every three
or four years. Horizontal coordinates need not be resurveyed at all points, but
shoul d include wellheads, SM5 nonunents, and a few other points. First-order
survey accuracy (qualified) will be required for this purpose, assumng that
secondary control nonunents are |ocated near the DOE property and away fromthe
i nfluence of salt creep. First-order traverse accuracy requires horizontal
closure to surpass one part in 25,000. The notion of points relative to each
other within the group of caverns is the required paraneter, rather than the

absol ute coordinate alone, although the latter would also yield the forner.

The added cost of obtaining the horizontal control will probably be |ess
than for vertical releveling alone (Stroud 1988). This additional data
acqui sition should begin at the tine of the 1988 resurveys at all sites
including Big HII. The frequency of resurveying may need to be adjusted
pending survey results. Because of nore rapid salt creep, and their higher
priority status, West Hackberry and Weeks Island should receive attention first

for these neasurenents.

The addition of horizontal coordinates is suggested in lieu of nmobre costly
tiltmeter installations, such as planned at Weks Island salt done. A linmted
nunber of tiltmeter observations at the other sites may prove useful, but this
has not been denmonstrated yet. The initial data from Wst Hackberry shoul d make
this direction clearer, especially if horizontal drift rates are simlar to
those reported by Deere (1961), at the Fannett, Texas, dome where sul phur was

being extracted
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3.2.2 Gavitv Onhservations

Rel eveling surveys alone in a number of geologic environnents have proven
i nadequate to provide hypothesis-free rates of vertical crustal novenents.
This applies to virtually all locations where releveling has been applied,
i ncluding SPR sites. To reduce inherent anbiguity originating in many
sources, both repeated gravity observations and rel evelings are required (Heck

and Mal zer 1983). Sone aut hors have proposed replacing leveling by the nore
econom cal repeated gravity neasurenents, but unanbi guous estimtes of
el evation changes are not possible on the basis of gravity data al one (Jachens
1979). Consequently, this replacenent is not reconmended for SPR, but rather
a conmbination of releveling and gravity.

Changes in elevation (Ah) correspond to changes in gravity (Ag) with ag/ah
values of about 3.0 pGal/em, depending on local conditions. Moder n
gravinmeters used in multiples with repetitive readings can achi eve accuracies
with standard errors as low as *#3.0 microgals (Witconb and Rundle 1985). It
woul d cost about $25,000 to conduct gravity observations at all six SPR sites
(20 stations each), and this cost would be incurred every three years, unless
conditions rapidly changed or releveling data were ambi guous. However, the
feasibility of using gravity to nmonitor subsidence at SPR sites needs first to
be established; thus, a phased program is indicated

The initial survey would take somewhat nore tinme, because stations
suitable for gravity neasurenents would need to be sel ected, described, and
phot ogr aphed. Some stations might coincide with existing releveling
monunents; a nmajor effort in establishing observation points is not indicated
(Linn 1988). Initial priority should be given to Wst Hackberry, Weks
Island, and Bayou Choctaw, and decision regarding the other sites mght be
made pending results of the first resurvey. The resurvey could be made after
the first year and then repeated every three years.

3.2.4 Aerial Photographv/Remote Sensi ng

There is no substitute for quality color aerial photography (vertical
stereo) of a site at large scale to provide details of the exact conditions in
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exi st ence. Col or aerial photography is presently being repeated annually for
environnental nonitoring and docunenting the status of surface facilities at
each of six storage sites and the SPR St. Janes terminal. The photography is
general purpose and performed at internediate and small scale, which has varied
slightly at each site because of area differences. Thernal infrared imging and
mul ti-spectral scanning were acconplished for the Wst Hackberry Cavern 111 oi

spill, but they have not been used el sewhere on this project. Col or infrared

phot ography has also been used selectively in the past.

Recommended Mbdification

A nore detailed (larger) scale of 1/2400 (vertical, stereo) should be
obtained at the tinme of the next resurvey and then repeated every third or
fourth year. Effects of subsidence, including surface fracturing and slunping
may be noted at this larger scale, as has been obtained at Houston (Clanton
1988). Expansi on of surface hydrographic features will be particularly hel pfu
to nonitor. Initially, priority should be given to flood-prone sites, i.e.
West Hackberry, Bayou Choctaw, and Bryan Mound. Weeks |sland should also

receive priority attention because surface effects over mined areas may appear.

In the event accelerated subsidence or actual collapse occurs, |arge-scale
phot ography and thermal infrared imagery should nade of the locale as an aid in

i dentifying and documenting unstable areas.

Oobtaining and interpreting this larger scale coverage should not involve
appreci able additional cost if included with the snall-scale coverage, and it
woul d provide a val uable conplenent to the survey data. Additional tine for
interpreting photos and conparing them with previous years would be the

principal resource required.

3.2.5 Surveillance and Evaluation of Gulf Coast Regional Subsi dence

Rat es of regional subsidence are inportant to understand, together with

measured | ocal subsidence. This is necessary in recognizing that nultiple
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sources of novenment are occurring (Appendix A), and that reference nonunents are
periodically adjusted to absol ute val ues. In nost instances, the |ocal
subsi dence values will not be affected relative to the control reference, but
the absol ute subsidence is inportant, for exanple, where sites are near sea
level and flooding is of concern.

Along the southern Louisiana coast, regional subsidence is occurring at a
rate of 0.016 ft/yr (5 nm) (Holdahl and Morrison 1974). The Loui si ana
Geol ogi cal Survey has continued in recent years to nonitor these regional
values, together with its DOE-sponsored work on geopressured/geothermal well
effects (Trahan 1982). This work is relevant to understandi ng subsidence
effects at the SPR sites and should be nonitored.

3.2.6 Creep C osure/Subsidence Cal cul ation Proeram

A continuing analytical effort is currently being conducted at Sandia that
parallels the field neasurenent program described in Sections 3.2.1-5. A
graduated sequence is proposed; each site will be addressed with respect to the
current level of understanding and relative to the priority ranking in Section
2.2.

West Hackberry and Weks Island are receiving attention in N 88 with three-
dimensional finite element scoping studies that rely on limted parametric data.
These studies will in turn lead to nore detailed calculations in N 89, using
updated material properties and conparisons with enpirically derived closure and
subsi dence dat a. More quantitative verification of predicted closure rates can
be anticipated in the early 1990s.

At the sane tine the studies at the higher priority sites are maturing,
simlar studies will be started for Bayou Choctaw and Bryan Mound, or as
progranmatic direction dictates. A longer termgoal is to achieve a predictive
capability in about five years that is in quantitative agreement w th neasured

subsi dence val ues.
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In addition to the site-specific studies, several collateral efforts are
bei ng pursued in parallel. They include resolving discrepancies in salt
property data, developing a code to include cavern voids in the finite el enent
mesh, and extending calculations to include fluid extraction and ot her geonetric

i nhonogenei ti es.

The anal ytical efforts described here are leading to capabilities having
substantive credibility in predicting |ong-term performance. Many engi neering
qguestions arise having "what if" aspects; this program can hel p address such

questions with expeditious, reliable, and quantitative answers.

3.3 Il enent ati on of Subsi dence Program

The anal ysis of 1982-1988 survey data has been done at SNL (Goin and Nea
1988), together with creep closure nodeling. A successful program requires
coordination and synthesis of all efforts and the transfer of information to

operational elenents.

Because subsidence is a nmjor programmatic concern, an annual review should
be formalized in terns of a process for evaluating the status of each site.
More inmediate problenms should be handled as they occur. The matter of
transferring hazard awareness or other pertinent information is presented in

Section 4.

Sone nodifications to this plan may be required as a better understanding of
subsi dence and of the associated efforts needed to nmonitor and evaluate themis
gained at individual sites. This deternination should be a specific discussion
point at the annual status review (Sect. 4.2).

4.0 EVALUATI ON OF RESULTS

Subsi dence data and cal cul ations obtained thus far in the SPR program

probably have not been fully integrated into |ong-range planning. This results
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largely fromthe lack of data until now, and to a lesser extent fromthe |ack of
an identifiable technical focus on subsidence conditions.

4.1 Engineering Annlication

The identification and assessnent of subsidence effects on the SPR sites are
a major part of the overall program Actual field experience with potential
effects and their inpact on SPR devel opnent criteria need to be docunented and
anal yzed. Any del eterious conditions can then be addressed at the appropriate
SPR | evel and organi zation and include such elenents as surface facilities,
pi pelines, casings, shafts, etc.

4.2 Annual Status Update

This activity is a formalized extension of the awareness transfer described
above and it will assure proper attention is given to overall subsidence
nonitoring activities. The primary purpose is to refine/revise predicted
subsi dence conditions at each site and to provide nmanagenent with appropriate
information required for |ong-range planning. The principal elements of this
annual (approximte frequency) review would include:

1. Data summary of observed subsidence, wth enphasis on significant changes,
or rates of change

2. Predicted trends in subsidence and cavern closure, based on cavern shape and
vol ume surveys and three-dinmensional nodel conputations

3.  (oserved subsidence effects, including surface hydrographic changes, well
casing problens, etc.

4, Engi neering inplications of (1), (2), and (3).

5. Recommended actions concerning (4).

6. Recommended changes to the subsidence nonitoring program

The results of these annual reviews should be docunmented and published as

technical reports
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5.0 CONCLUSI ONS AND SUMVARY OF RECOMVENDATI ONS

The | ong-term subsi dence nonitoring plan presented here is to assure SPR
managenent that appropriate efforts are occurring and will lead to a continuing
apprai sal of the subsidence status at each site. The programoutlined in this
pl an requires periodic evaluation and updating; sone efforts nay prove to be of

[imted use and will need to be nodified or discontinued

The very nature of the subsidence programrequires concerted coordination of
all monitoring activities, nodeling activities, and result analyses. A
threefold prioritization of sites for subsidence nonitoring purposes is usefu
in focusing attention according to perceived need
Prioritv 1
Subsi dence and its associated effects are a nmior concern at the \Weks
Island and West Hackberry sites because the potential exists for pervasive
water incursion and site flooding, respectively.
Prioritv 2
Subsi dence at both Bayou Choctaw and Bryan Mund has significant potentia
for leading to eventual site flooding and Cavern 4 coll apse at Bayou
Choct aw.
Prioritv 3
Subsi dence at Sul phur Mnes is of |esser concern than at the other sites
because of probable phase-out within a few years. Big Hill is also of small

concern because the potential for significant future subsidence is |ow.

Specific programmatic recommendations in this long-term plan include:

1. Mnor but inportant modifications to the existing survey network (Section
3.2.1; Linn 1987, and Schnedeman 1988).

2.  Resurvey of horizontal coordinates every third or fourth year, depending on
results of the first resurvey (Section 3.2.2).

3. Measurenents of gravity values at selected stations every three years
(Section 3.2.3).
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Large-scal e (1/2400) aerial photography at all sites every four years
(Section 3.2.4).

Conti nued coll aborati on and awareness of related efforts in neasuring
regi onal subsidence (Section 3.2.5).

Continued nodel devel opment of cavern creep closure (Section 3.2.6).

Eval uation of above (1-6) data to specific engineering and environnmenta

problens at all sites (Section 3.3).

Specific Management Recommendati ons | ncl ude:

1.

Peri odi c awareness reports to managenent, indicating significant SPR changes
or developnments in industry in understanding subsi dence effects (Section
4.1).

Annual status updates to SPR managenent that summarize all subsidence

nmonitoring activities, published as technical reports (Section 4.2).
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APPENDI X A. Causes of Subsi dence

Rel evel ing of survey points at SPR sites is concerned primarily with
neasuring subsidence that is believed to be associated with salt creep and
concom tant cavern closure. However, nunerous other sources of elevation change
are involved, including upward notion of the salt diapir, and these sources need
to be recognized in overall perspective. Table A-I summarizes them estimating
val ues associated with each, where possible. Sonme novenents di scussed do not
affect the domes, but it is inportant to acknow edge them because they may

affect control nonuments located off the domes. Sunmary explanations follow

1. Cavern creep: Subsi dence val ues associated with creep closure of SPR

caverns average from about 0.03 ft/yr at Bryan Mowund to 0.21 ft/yr at West
Hackberry, based on releveling of surface survey points. Simlar values have
been obtained from cal cul ati ons that enpl oy physical nodel data (Preece and
Stone 1982).

2. Salt diapirism (salt rise and piercement) is ongoing at all sites; the rates

of rise can be estinmated knowi ng the ages of displaced strata. Magori an and
ot hers (SAND87-7111) estimated the average net uplift of the Weks |sland dome
to be on the order of 0.01 in (2.5 mm)/yr, a rate probably higher than average
for @ulf Coast domes. Differential rise within individual domes has been seen
in mnes in the form of spines separated by shear zones (Weks) and between
boreholes (Big HIl, Bayou Choctaw). Rates of rise between spines are thought

to vary in time and space.

3. Caprock collapse has occurred at Sul phur M nes and Bryan Mound as a result

of sul phur extraction, and at Bayou Choctaw as a result of uncontrolled solution
mning, which eroded through the caprock and caused eventual collapse of the
overburden. The effects are pervasive: 20 ft and nore of surface subsidence at
Sul phur M nes (SAND80-7141); 3 ft and nore of surface subsidence at Bryan Mund
(SAND80-7111); and the collapse of Cavern 7 at Bayou Choctaw in 1954, formng
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Table A |. Sources of Vertical

Mtion at SPR Sites

Site
Bayou Big Bryan Sul phur Weks st
Sour ce Choctaw Hill Mund M nes Island  Hackberrv Remar ks
1. Cavern creep X X X X X X (-) 0.03 to 0.21 ft/yr, avg verti cal
subsi dence (at SPR sites)
2. Salt diapirism X X X X X X (+) Cccurring at all sites; avg rate
at \Weeks Island -0.01 ft/yr
a) spines/shear zones X X N U/N X U Differential novement evident; may
exi st in nost dones
3. Caprock col | apse (over- N X X no N (-) Sul phur mning at Sul phur M nes and
bur den caprock Bryan Mund the cause; erosion from
col | apse) present solution mning the cause at B. Choctaw
4. Regional subsidence X X X X X X (-) Universal along Qulf coast; 3.3 to
a) sedinent conpaction U U u U u U 13.1 mm/yr range reflects all three
and consolidation sources and eustasy; the contribution
b) geosyncli nal u U u U u u of individual sources is generally
downwar pi ng uncertain. Gowh fault novenent
c) tectonic/growh [¢] U U U U U probably does not transect domal site
fault slippage
5. Hydrocarbon or ground- X X N U X X (-) Rates generally uncertain, but
wat er withdrawal but effects evident (off-done effects)
6. Frost heave, soil U X u U u X (+) Frost heave probably negligible;
expansi on, thermal soi | expansion during wet season
effects uncertain; mma nmunds at B. H Il and
W Hackberry
7. Atnospheric | oading X X X X X X (+) Temporary el astic deflection during

condition present

cz=z»
[

unknown or

not known to be present
uncertain rate

defl ect -
hi gher | atitudes)

hi gh pressure events (-0.02 ft
ion; greater at



Cavern Lake (SAND80-7140). The effects of caprock collapse continue at each
site, although nore slowy than previously. Cavern 4 at Bayou Choctaw has a
simlar history and geology as Cavern 7, and the potential for collapse exists.

4. Redional subsidence along coastal Louisiana and Texas is reflected in

recently published values of relative sea level rise; that is, the values
include both increases in tide gauge data and in subsidence inland (Ransey and
Mosl ow 1987; Penland et al. 1988).  Subsidence accounts for a major part of the
val ues overall and includes downwarping of the Gulf Coast geosyncline,
conpaction, and consolidation of both ancient and recent sedinents, growth fault
slippage, and subsurface fluid renoval. The differential amunt attributed to
absol ute sea level rise (eustasy) has been determ ned to be about 20% of the
total values, which range from0.011 to 0.043 ft (3.3 to 13.1 mm)/yr.

(4a) Comnmactional subsidence is the principal contribution to tota

regional subsidence, involving Tertiary and Pleistocene sedinents, as well as
Hol ocene deposits. Wher e Hol ocene deposits are thickest, as in abandoned
M ssissippi River conplexes, conpaction may be the primary cause of relative sea
| evel rise. The subsidence attributed to sedinent conpaction is probably the
greater part of the total neasured values of Holdahl and Morrison (1974),
averagi ng about 0.013 ft (4 mm)/yr.

(4b) Ceosvnclinal downwarping iS estimated to have averaged 0.00066 ft (0.2

mm) /yr over the last 60 mllion years. If this average is anywhere near the
downwar pi ng occurring today, the annual contribution to relative sea level rise
is a very small percentage. Maxi mum downwar pi ng has been general |y coinci dent
wi th maxi mum sedi mentation (Kolb and Van Lopik 1958).

(4c) Gowth fault slippage has occurred regularly during geologic time and

may be occurring today, but no current estimate exists for this conponent of
activity. Penland et al. (1988) believe this factor contributes a very small
anount to relative sea level rise. Gowh fault slippage is the likely source
of microseismic activity at the Parcpurdue geopressured-geothermal well
prospect, 25 miles northwest of Weks Island (Van Sickle et al. 1988).
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5. Fluid withdrawal, either groundwater or hydrocarbon, affects |ocal areas,

e.g., Houston, Baton Rouge, and New Ol eans (Hol zer 1984). However, subsidence
due to natural causes is nmuch nore significant overall than that caused by fluid
wi thdrawal, even though I ocal anounts may be several feet. Some SPR sites are

probably affected by hydrocarbon extraction, although the amount at each site is

uncertain. Bryan Mound appears unaffected in this regard, because it has not
been a producer. West Hackberry appears to have had nejor subsidence beneath
Bl ack Lake associated with the production of sonme 135 MVBBL of oil. Bayou

Choctaw, Sul phur Mnes, and Weks Island have probably experienced subsidence
resulting from hydrocarbon extraction, but the amounts are uncertain. The
subsi dence caused by subsurface fluid extraction does not affect areas overlying

the salt, but adjacent areas may be affected, including many control nonuments

6. Frost heave serves to uplift shallow survey nmonurments if they are not

planted well below the zone of frost penetration. The possible effect on SPR
survey points is unknown, but is probably negligible, because soil freezing
sel dom occurs in coastal Louisiana and Texas. Soi | expansion during heavy or
extended rainfall is likely, but the amount occurring is unknown. M nma nounds,

also called prairie or pinple nounds, which are some fifty feet across and up to
several feet high, exist at Wst Hackberry and Big Hill but are of uncertain

origin. They may be soil devel opment structures.

7. Atmospheric | oadi ng can produce short-term deflections of the crust, wth
peak-to-peak vertical displacenents of 0.05-0.07 ft (15-20 mm (Van Dam and Whr
1987). These effects are systematically larger at higher latitudes because of
larger variations in pressure. Based on data from |l ower |atitudes, estimates
are that the displacenments are probably <0.03 feet along the Gulf Coast. 't is

i mportant to recognize these deflections in concert with other data, because
they are sinmilar in magnitude to values attributed to annual subsidence caused
by creep closure and are |arge enough to affect significantly some point

positioning neasurements. To accurately assess displacenment, pressure data from

a 1000-km radi us around a point are required.
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APPENDI X B.
Subsi dence Historv at SPR Sites (Sunmmarv_of Goin and Neal 1988

APPENDI X B. 1.
Bavou Choctaw Salt Done

Allied Chenical's Cavern 7 collapsed in 1954, creating Cavern Lake on the
north side of the done. This failure resulted primarily from coll apse of the
over burden over the caprock, because intensive and uncontrolled brining had
i nduced sol utioning and erosion into the caprock above the salt.

Conditions simlar to those that led to the failure of Cavern 7 exist at
Cavern 4. Erosion into the caprock extends sonme 30 feet above the salt contact.
Even though no oil is stored in Cavern 4, a collapse wuld endanger and/or
damage other caverns and withdrawal systens, because a predicted 800-ft di ameter
col  apse feature and | ake woul d ensue. Some 3 ft of surface subsidence is
believed to have occurred prior to 1980 al ong an access road to the cavern; sone
of it may be related to brine pond I oadi ng. Clearly, surveillance of this
cavern is indicated, and in fact, a collapse warning systemwas installed in
1984 to provide inmmediate information about sudden changes in el evation (Todd
and Smith 1987).

Approxi mately annual SPR surveys show that the | owest average subsidence
rates are adjacent to Cavern Lake near the north boundary of the site, averaging
about -0.05 ft (15.2 nm per year. The highest rates appear near the southern
site boundary over Cavern 19 and average about -0.11 ft/yr (33.5 mj, about
twi ce that along the northern boundary. The val ues around the office and shop
bui I di ngs, punp station, and brine pond are internediate between the north and
south extrenes, averaging about -0.075 ft/yr (21.3 mm). There was no indication
that Cavern 4 was subsiding at a faster rate; in fact, the value was slightly
less than the site average (-0.06 ft/yr).

This done has produced about 30 MVBBL of oil, a large volune, albeit not as

much as many dones, but probably sufficient to produce mnor subsidence. The

23



| arge vol une of pre-existing caverns and newly created SPR caverns equal nore
than 100 MMBBL and is sufficient to warrant detailed attention to nonitoring
subsi dence.

The generally low elevation at this site creates a hazard during flood
periods; additional subsidence will only intensify the flood hazard.

APPENDI X B. 2.
Big HII Salt Done

The subsidence environnment at this dome is expected to be the |east
problematic of any of the six dones used for the SPR Sul phur has not been
extracted here, and the relatively small oil production is largely away from the
done. Two existing caverns for LPG storage have a conbined volume of |ess than
a mllion barrels and are north of the SPR area. Surface el evations of SPR
cavern wel I heads are well above the 100-year flood |evels.

In addition to these positive attributes, the caprock is one of the thickest
on the Gulf Coast, averaging sone 1,360 ft over the 14 SPR caverns.

Baseline elevation data from existing survey nonunents were obtained prior
to the start of cavern I eaching on Cctober 1, 1987. This is the first site at
whi ch such data were obtained before beginning activities that were potentially
subsidence producing. As a result, fewer anbiguities in data interpretation may
be antici pated.

APPENDI X B. 3
Brvan n |

Sul phur mning from the caprock overlying Bryan Mund produced sonme 5
mllion tons fromnore than 2000 wel Il s between 1912 and 1935. How nmuch total
subsi dence has occurred is uncertain because accurate records are not avail able,
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but at least 3 to 5 feet is known to have occurred, based on a conparison of
nmodern and hi storical topographic maps (SAND80-7111). \herever Frasch-process
sul phur extraction has been used, subsidence has occurred in varying amounts,

| argely because mining is relatively uncontrolled. In sonme cases, nore
subsi dence has occurred than can be accounted for with the volume of extracted
sul phur; this results from |inestone dissolution and water renoval. The very
fact that Frasch nmining has occurred is sufficient reason to nonitor subsidence

as adverse effects are w despread and common (Coates et al. 1981).

The presence of the |largest and second | argest caverns (35+ and 20+ MVBBL)
wi thin SPR suggests continuing surveillance is necessary, even though unusual
creep occurrence has not been noted. In laboratory creep tests on this salt,
the material crept slower than any other salt known to the investigators
(Wawer si k and Zeuch 1984). The average subsi dence over a 57-month period was
-0.029 ft/yr (8.8 M), which is the lowest rate of any of the five sites that
presently have active cavern storage. Because of uncertainty in adjusting the
data, conclusions are tenuous. A slight trend toward increasing subsidence in
the interior caverns (1, 4, 104, 107, 110) may exist. A though measured surface
subsidence is small and the site appears stable, the large volumes of stored oi
dictate continued close investigation. The possibility of accelerated
subsi dence in some areas cannot be ruled out because observations are available
for only a few years.

Fl ood protection at this site is of |ess concern than at West Hackberry, but

cunul ative subsidence may require dike enhancenent in the future

APPENDI X B. 4.
Sulphur M nes Salt Done

Some open pit sul phur extraction began in the late 19th century, and large-
scal e sul phur nmining was conducted from 1902 to 1924, with some 9.4 nillion tons
renoved. The Sul phur M nes done was the |ocation of Herman Frasch's pioneering
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work on perfecting the steam extraction process that is named after him Before
the sul phur extraction, the done had a relief expression of nmore than 20 ft.

Fol | owi ng the commencenent of mning, caprock collapse began, and fill was added
in numerous |ocations where surface subsidence occurred. Enough fill was added
that alnmost none of the original soil is left exposed at the surface. It is

known that some 20 ft of subsidence has occurred and is continuing at a rate of
about an inch per year. This surface subsidence is continuing even though
sul phur has not been mined in nearly 65 years; gradual settlement and
readj ustment of underlying caprock is probably still occurring (SAND80-7141).

The SPR caverns are |ocated on the dome, whereas the support facilities are
all off the dome. Subsi dence over the caverns (on the done) averages about
-0.10 ft (30.5 mm per year, whereas the support facilities and associ ated
survey points average about -0.04 ft (12.2 nm) per year. This subsidence on the
dome is evidently the result of cavern closure and possibly residual collapse of
caprock that has been occurring continuously ever since sulphur mning stopped
in 1924.

There are no conspi cuous patterns associated with the subsidence other than
t he sout hernnmobst survey points (nobst distant from the donme) have subsided the
| east. Also, the SMS nonunments (away from well heads and ot her structures)
appear to have subsided |less than adjacent points; this possibly can be
attributed to soil conpaction beneath engineered facilities

Plans for limted future use, conbined with a small storage capacity, tend
to reduce attention to this site. Continuing subsidence nmonitoring is necessary
in view of the above history and because of long-termresponsibility for cavern
integrity; that is unless ownership is transferred following oil withdrawal at a
future date
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APPENDI X B. 5.
Weeks Island Salt Done

Subsi dence at this site has its origin in creep closure of mned underground
openi ngs that are equivalent in volume to some 100 MMBBL, and in the production
of f done of sonme 230 MMBBL of oil, nore oil than at all of the other five dones
used for SPR storage

Rel evel i ng of Weeks 2 nmonunent in 1987, which was established in 1931
indicates that more than 5 ft of subsidence has occurred. Measurenments of other
surface nonunents that began in 1983 show subsi dence values up to about -0.2
ft/yr, with the largest elevation |osses occurring inside the surface projection

of the m ne boundaries.

The 50-nonth duration of SPR rel eveling shows a reasonably consistent
pattern of subsidence. The nost surface subsidence, -0.91 ft, was observed at
Weeks 2, which is located within the boundaries of both underground oil storage
| evel s. The | east subsidence (-0.06 ft) was observed at nonunent SM5 3, outside

the oil storage boundari es. Near the mne boundaries, internediate values of
-0.25, -0.21, and -0.18 ft were observed at the production and service shafts,
and the fill holes, respectively. Monument SMS 1 showed total subsidence of
-0.47 ft; it is immediately outside the upper storage |evel boundary

(projected), but well within the lower |evel boundary (projected).

The consequences of subsidence at this site nmay be nore pervasive in
conparison with the other SPR sites in that 73 MMBBL of oil are contained in two
i nterconnected chanbers (forner Mrton Salt Co. mne). The potential for
flooding resulting from | eaks induced by creep and fracturing is a significant
threat, especially flooding associated with shaft failure. Consequent |y,

continuing surveillance is needed
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APPENDI X B. 6.
West  Hackberrv _Salt Done

Bl ack Lake, on the north edge of the SPR site expanded from 4 to nore than
25 square mles during the period 1955-1980 (SAND80-7131). An estimated 3 to 5
ft of subsidence occurred between 1933 and 1978 to produce this expansion
probably as a result of intensive hydrocarbon and groundwater w thdrawal that
began about 1930. Local declines in groundwater levels nay also contribute to
subsi dence; an approximate 41 ft-decline in head occurred between 1952 and 1970
at Hackberry Village. This is an area of mininmal sand for onshore Gulf Coast
sedi ments, and, of probable greater mud conpaction.

Rel evel i ng of subsidence nonunments at the SPR site over a 5-year period
i ndi cate a broad depression decreasing to the south and east, which is generally
coincident, although centered slightly northwest, to the distribution of caverns
Maxi mum subsi dence during this period was -1.43 ft, the nost rapid rate of any
site. Average rates are about -0.21 ft/yr (64 mm), a significant amount.

The total volunme represented by the subsidence depression approaches 3
MVBBL, an anount approximating volune loss resulting from predicted cavern creep
closure, including the abandoned Qin Corporation caverns

The projected nmaxi mnum subsi dence is sone 8.5 ft in 30 years. W t hout
mitigative measures, substantial local flooding will occur. The area of |oca
mar shes and Bl ack Lake will likely continue to expand, with the continued
production of oil and gas, and associated groundwater w thdrawal. The
subsi dence of some 5 ft and the associated increase in the area of Black Lake
began in about 1933, concurrent w th hydrocarbon extraction, and, both have been
i ncreasing since that tine. Thus, a conbination of factors is probably
contributing to this local subsidence pattern
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Because of the generally |ow elevation and proxinmty to coastal flood surges
associated with hurricanes, the potential flood hazard at this site is of
concern. Because the abandoned Ain Caverns underlie the brine and raw water
hol di ng ponds, the possibility of cavern collapse was considered in SAND80-7131.
As a result of these conditions, the need to be aware of subsidence is high.
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